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ABSTRACT 
A l i t e r a t u r e  search from 1958 to  present has been conducted 
on the e f f e c t  of u l t r a v i o l e t  radiat ion on polymeric mater ials ,  
with par t icu lar  emphasis on vacuum photolysis,  mechanisms of de- 
gradation and energy t rans f e r  phenomena. The l i t e r a t u r e  from 
1958 t o  1968 was searched manually, while the l i t e r a t u r e  from 
1968 to  present was searched by using a computerized keyword sys- 
tem. Selected references a re  reviewed and discussed in  t h i s  re- 
por t ,  The primary objective o f  t h i s  study was to  provide the 
necessary background i ~ f o r m a t i o n  for  the design of new o r  modified 
materials with improved s t a b i l i t y  to the vacuum-radia t ion environ- 
ment of space. 
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1. INTRODUCTION 
Many appl ica t ions  can be e a s i l y  i den t i f i ed  f o r  a  mater ia l  
which can be prepared a s  a  th in  f i lm and which i s  s t a b l e  i n  the  
environment of space. One obvious appl ica t ion  would be a s  a  
pa in t  binder.  Others include s o l a r  c e l l  covers,  second-surface 
mirrors ,  adhesives, and o p t i c a l  windows. Apart from u l t r a v i o l e t  
and charged-par t ic le  r ad i a t i on  s t a b i l i t y ,  the e s s e n t i a l  require-  
ments of the  i d e a l  mate r ia l  a r e  t h a t  I t  be o p t i c a l l y  t ransparent  
0 0 
i n  the s p e c t r a l  region from 3000A (preferably  2000A) t o  a t  l e a s t  
0 
25000A, t h a t  i t  be a  film- former, pigmentable, and processable.  
For a  va r i e ty  of reasons, commercially ava i l ab l e  mater ia l s  do 
no t  meet these requirements; most a r e  unstable ,  o thers  have high 
outgassir.2 po ten t i a l ,  and many a r e  simply no t  adaptable to  space- 
c r a f t  app l ica t ions .  
The purpose of the program described i n  t h i s  r epo r t  was t o  
develop a  comprehensive r a t i o n a l e  f o r  "designing" a  polymeric 
mater ia l  possessing the  ma2or c h a r a c t e r i s t i c s  noted.  The basic  
approach i s  t o  formulate st ruc ture-property r e l a t i onsh ips  : 
assoc ia t ing  s t a b i l i t y  with polymeric s t r u c t u r e  o r  s t ruc  tu re - re -  
l a t ed  proper t ies .  The program discussed he re  i s  the f i r s t  phase 
of t h i s  e f f o r t  and e s s e n t i a l l y  cons i s t s  of gathering,  screening 
and analyzing re levant  i n  forma t i on .  Determining vhich polymeric 
s t ruc tu re s  a r e  most r e s i s t a n t  t o  u l t r a v i o l e t  and charged p a r t i c l e  
r ad i a t i ons ,  and ind ica t ing  means of  synthesiz ing new mater ia l s  o r  
nodifying e x i s t i n g  mater ia l s  a r e  t h i s  e f f o r t ' s  u l t imate  ob jec t ives .  
The primary information we seek i s  t h a t  which c o r r e l a t e s  TN- 
induced degradation mechanisms with  s t r u c t u r a l  changes which re-  
s u l t  i n  increased o p t i c a l  absorption.  For t h i s  purpose, i t  i s  
necessary t o  determine the  p r inc ipa l  f ac to r s  a f  fec  t i ng  the various 
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modes by which a polymer dissipates absorbed W energy, spec i f i -  
ca l ly ,  to identify those which influence the creation of optical ly  
absorbing species . The task i s  a d i f f i c u l t  one because this  type 
of information i s  highly specif ic  to individual polymer structures . 
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2 .  LITERATURE RETRIEVAL 
The Informa t i o n  Sc ience  ( I S )  group o f  IITRI Chemistry D iv i s ion  
surveyed the  a v i , i l a b i l i  t y  o f  m a t e r i a l s  a t  t he  John C r e r a r  L ib ra ry  
and used the  in format ion  gained t h e r e  t o  formula te  a computerized 
keyword s e a r c h  of  Chemical A b s t r a c t s  (CA). The l i b r a r y  sea rch  
i d e n t i f i e d  about  25 summary volumes t h a t  a r e  r e l a t e d  t o  some 
a s p e c t s  of  t he  progran.  C i t a t i o n  c a r d s  prepared  f o r  those  i t ems  
t ! ~ a  t have been judged by IS  t o  be v a l u a b l e  formed the  nuc leus  o f  
rhe r e f e r e n c e  a b s t r a c t  f i l e .  In a d d i t i o n ,  c i c a t i o n  c a r d s  were 
prepared f o r  the  i tems t h a t  appeared i n  t he  b i b l i o g r a p h i e s  o f  
those r e f e r e n c e s  - thus  broadening the  base  o f  i n i t i a l  coverage .  
Add i t i ona l  broadening was achieved v i a  the  IUPRA a b s t r a c t s .  
When the  i n i t i a l  l i b r a r y  survey was ccmple t e d ,  t h e  mcs t 
d i r e c t  b e n e f i t  was t!w accumulat ion o f  s u f f i c i e r t  keyword f r e -  
quency o f  occur rence  d a t a  t o  a l l o w  formula t ion  o f  a  meaningful 
p r o f i l e  (searcii  q u e s t i o n ) .  The f i r s t  c a t ego ry  ( A )  c o n s i s t s  o f  
t e r n s  t h a t  express  the  concept  o f  " U l t r a v i o l e t  ~ h o  t chemis t r y "  
which i s  t1lc i n t e r a c t i o n  of i n t e r e s t .  The second c a t e g o r y  ( B )  
c o n s i s t s  o i  terms t a a t  c h a r a c t e r i z e  tlre ma t c r i a l s  a.nd o t h e r  
?n t e r a c  t- i o v  s o f i n t e r e s t s  . Common polymer trade-names and 
a b 5 r e v i a t i o n s  were a l s o  included i n  t h i s  ca t ego ry .  The t h i r d  
cd tegory ( C  ) spec i f  i e s  some i n  t e r a c  t i o n s ,  o t h e r  than those  t h a t  
a r e  r e l e v a n t ,  t h a t  a r e  t o  be s p e c i f i c a l l y  excluded from t h e  re- 
t r i e v a  1. Thus, the  computer r e  t r i e v a l  r e q u i r e s  t h a t  each 
s e l e c ~ e d  c i t a t i o n  posses ses  a t  l e a s t  one occu r rence  o f  an index  
o: t i - . l e  term from each o f  t he  two c a t e g o r i e s ,  A and B ,  w h i l e  
a  s i n g l e  occur rence  from t h e  C c a t e g o r i e s  would d i s q u a l i f y  i t  
(Table 1 ) .  
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Each c i t a t i o n  card  from thc computer r e t r i e v a l  con t a in s  the 
t i t l e ,  au thor ,  source,  index terms f o r  the reference,  a s  wel l  a s  
a spec i a l  p r in t -ou t  of those terms t h a t  were responsible  f o r  
the s e l ec t i on .  A f i n a l  card  summarizes the s t a t i s t i c s  of  the 
family of keywords, so r ted  a lphabe t i ca l l y .  These r e t r i eved  c i t a -  
t i ons  were manually prescreened by IS p r i o r  to  t h e i r  r e l ea se  to  
the Polymer Group f o r  L -ose technical  review and se l ec t i on  of 
the documents t o  be ordered.  The CA machine search (1969-1974) 
i d e n t i f i e d  6,582 re fe rences .  The period from 1958 t o  1969 was 
searched manually, s ince  i t  does no t  cu r r en t ly  e x i s t  in  a machine 
readable form. The l i t e r a t u r e  coverage was the  following: 
Abs t r ac  t Journal  No. of Refei-ences 
Chemica 1 Abs t r a c  t s  (CA) 
manua 1 1958 - 1968 12,000* 
machine 1969 - 1974 (Apri l )  6,482 
Sciea t i f i c  6 Technical Aerospace Reports 
manua 1 1968 - Present  50 
USGRDR (GRA) 1968 - Present  40 
Jr 
est imated f i gu re  - mate r i a l  was reviewed d i r e c t l y  by technical  
s t a f f  - re fe rence  a b s t r a c t  cards  were prepared f o r  only  most 
pe r t i nen t  ma te r i a l .  
Some 18,500 re fe rence  a b s t r a c t s  were i d e n t i f i e d  and technica l ly  
reviewed f o r  the program. Approximately 500 re fe rence  documents 
were ordered f o r  the program. These included 9"vernmen t research 
r e p o r t s ,  published journa l  a r t i c l e s ,  r e p r i n t s ,  papers from pro- 
ceedings,  excerpts  from handbooks, e t c  . The most s i g n i f i c a n t  
works a r e  reviewed i n  t h i s  r epo r t .  
I  R E S E A R C H  I N S T I T U T E  
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Table 1 
Computer Retrieval Keywords 
A 
- 
UV 
Ultraviolet 
Ultra-violet 
9kRadia t* 
Photo* 
B 
- 
Poly" 
Plastic 
Coating 
Pa in t 
Resin 
F i l m  
Vacuum 
Absorb* 
Absorp tyc 
Degrad* 
Sil icone 
PVC 
Nylon 
Teflon 
V i  ton 
Kel-F 
Lexan 
Kodel 
Mylar 
Kapton 
Nomex 
Neoprene 
Saran 
As tre l  
Ekonol 
Atomic 
Alpha 
Beta 
Gamma 
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3. PHOTOLYTIC BEHAVIOR OF POLYMERIC MATERIALS 
3 . 1  U l t r a v i o l e t  Absorpt ion and Photochemical Ef f e ~  t, 
The chemical changes r e s u l t i n g  from exposure  o f  I polym: r 
t o  u l t r a v i o l e t  a r e  c o n t r o l l e d  by the  two fundamental laws o f  
photochemistry t h a t  app ly  t o  any o t h e r  type o f  non-polymeric 
ma t e r i a  1. The f i r s t  law ( g e n e r a l l y  known a s  t h e  Gro t thuss -Draper  
Law) s t a t e s  t h a t  on ly  r a d i a t i o n s  t h a t  a r e  absorbed by t h e  m a t e r i a l  
can produce a chemical change. Most polymers c o n t a i n  chemical  
groups which absorb  u l t r a v i o l e t  l i g h t  . The carbonyl  group 
(C=O) occurs  i n  many polymers and may cause  u l t r a v i o l e t  a b s o r p t i o n  
0 0 
up t o  2500-2800~ .  Aromatic compounds absorb  up t o  3500A; when 
combined wich  t h e  carbonyl  group they absorb  t o  s t i l l  h i g h e r  wave- 
l e n g t h .  A carbon-carbon double bond (C=C) a l o n e  absorbs  below 
0 
2500A; bu t  when s e v e r a l  double bonds a r e  conjuga ted  they abso rb  
a t  i n c r e a s i n g l y  h i g h e r  wavelength e v e n t u a l l y  r each ing  the  v i s i b l e  
r ange .  
The sccond fundamental law o f  photochemistry  i s  g e n e r a l l y  
known a s  t he  S t a r k - E i n s t e i n  law, o r  law of  the photochemical 
equiva len  t ( ref . 1 )  : each molecule  rak ing  p a r t  i n  a photochemical 
r e a c t i o n  a! ,sorbs  one quantum o f  t he  r a d i a t i o n  c a u s i n g  t h e  r e a c t i o n .  
S ince  a quantum o f  energy i s  given by the  product  h * ~ ,  acco rd ing  
t o  t he  S t a rk -E ins  t e i n  law t h e  energy absorbird by a r e a c t i n g  
molecule  i s  a l s o  g iven  by ha" ( t h e  product  of  P l anck ' s  c o n s t a n t  
and t h e  f requency o f  t h e  l i g h t  abso rbed ) .  
I f  moles a r e  s u b s t i t u t e d  f o r  molecules  i n  t h e  S t a r k - E i n s t e i n  
law, one o b t a i n s  what i s  known a s  t he  Bohr law. I f  t he  energy 
absorbed by a molecule i s  hv,  t he  energy absorbed by a mole i s  
g iven  by E-Nhv = ~ h c  / T, (where N i s  the  Avogadro ' s number and c the 
v e l o c i t v  o f  l i g h t ) .  I n s e r t i n g  the  va lues  f o r  N,c ,h ,  and conve r t -  
i n g  e r g >  i n t o  k i l o c a l o r i e s ,  t h e  Bohr law i s  ob ta ined  ( A  i s  ex- 
p re s sed  i n  Angstrom u n i t s )  : 
E = ( 2 . 8 b  x lo5/),) kcal /mole  
I I T  R E S E A R C H  I N S T I T U T E  
The energy E for a given wavelength i s  usually referred to 
as  the e ins te in  of radiat ion;  t h i s  i s  the energy of an Avogadro's 
number of photons, tha t  i s ,  the energy absorbed by a mole of ab- 
sorbing substance . This equation a ' 2ows a d i r e c t  comparison be- 
tween bond energies i n  polymers and absorbed energy a t  any given 
0 
wavelength. For example, for  a x = 4000A, the e ins te in  i s  7 1  
kcallmole; for  a x = 2537A (a common wavelength in  photochemical 
work), the e ins te in  is 113 kcal/mole, more than enough to break 
a carbon-carbon bond. Typical values of bond energies a re  shown 
in Table 2 . .  
The relat ionship between the photochemical e f f e c t  of a 
radiat ion agd the energy absorbed i s  usually expressed as  quantum 
yield or  quantum eff ic iency p :  
@ = number of broken bonds 
number of quanta absorbed 
3.2 Effects of Impurities and Extraneous Materials 
A u l t r a v i o l e t  transparent polymer must be s tablc 11 t ra-  
v io le t  since there can be no damage without absorpt .  Un- 
fortunately,  transparency of 2 polymer to  u l t r a v i o l  . ight  i s  
d i f f i c u l t ,  I ' not impossible, to  achieve. Polyethylene and other 
saturated po lyhjdrocarbon~ for  example, should be inherently 
0 
transparent a t  wavelengths higher than 2000A. However, these 
polymers degrade under u l t r a v i o l e t  exposure, and the reason i s  
tha t ,  to  some extent ,  they do exhib i t  u l t r a v i o l e t  absorption, 
This absorption has been ascribed to impurities o r  s t ruc tu ra l  
i r r e g u l a r i t i e s  i n  the polymer chains t h a t  may a c t  a s  sens i t i ze r s  
of u l t r a v i o l e t  degradation, The problem of puri ty  i s  very c r i t i c a l  
i n  the study of the photolysis of polymers. Conclusions r e l a t i n g  
polymer s t ruc ture  to s t a b i l i t y  can be misleading, i f  degradation 
i s  promoted by an unknown s t r u c t u r a l  i r r egu la r i ty  or  impurity 
l l T  R E S E A R C H  I N S T I T U T E  
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Table 2 
BOND ENERGY TERMS FOR GENERAL  USE^ 
Bond 
-
C-C 
C=C 
G C  
C-N 
C=N 
r€N 
C - 0  
C=O aldehydes 
C=O ketones 
C- S 
N- N 
N-N 
S i - 0  s i l i cones  
Bond Energy Term E (K c a l .  /mole, 25") 
8 2 . 6  
a ~ l l  values are deduced from a l iphat ic  compounds and are 
taken from T . L .  Cot tre l l ,  "The Strengths o f  Chemical Bonds, I' 
Butterworths S c i e n t i f i c  Publications, London, 1958, pp. 270- 
275 .  
b ?  doubtful value 
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t h a t  i s  n o t  t y p i c a l  of  the  polymer s t r u c t u r e .  These a r e  s i t e s  
where t he  deg rada t ion  r e a c t i o n  i s  o f t e n  i n i t i a t e d  s i n c e  t h e  ene rgy  
r e q u i r e d  i s  lower than t h a t  r e q u i r e d  f o r  b reak ing  a  r e g u l a r  bond. 
I t  i s  very  d i f f i c u l t  t o  de te rmine  t h e  n a t u r e  o f  t h e  i n i t i a l  ab-  
so rb ing  s p e c i e s ,  because of t h e i r  very  low c o n c e n t r a t i o n .  The 
formation of ca rbony l  groups by o x i d a t i o n  d u r i n g  po lymer i za t ion  
o r  processing of p o l y o l e f i n s  may be r e s p o n s i b l e  f o r  t h e  i n i t i a l  
a b s o r p t i o n  and could  i n i t i a t e  p h o t o l y t i c  d e g r a d a t i o n  ( r e f ,  l a ,  2 ) .  
I t  h a s  been r e p o r t e d  ( r e f ,  3 )  t h a t  a roma t i c  i m p u r i t i e s  such  a s  
phenan threne ,  an  th racene  and naph tha l ene  a r e  p r e s e n t  i n  poly- 
e thy lene  and a c t  a s  s e n s i t i z e r s  o f  u l t r a v i o l e t  d e g r a d a t i o n .  The 
use  of  model compounds i n  t h e  s t u d y  o f  polymer p h o t o l y s i s  h a s  
the  very  jmpor t a n t  advantage t h a t  t h e  s  tudi. i s  conduc fed  on pure  
m a t e r i a l s  
3 . 3  - Rela t i o n s h i p  Be tween Absorpt ion and - S t a b i l i t y  
Although u l t r a v i o l e t  i n s t a b i l i t y  i s  undoubtedly r e l a t e d  t o  
u l t r a v i o l e t  a b s o r p t i o n ,  the  r e l a t i o n s h i p  be tween t r anspa rency  and 
s t a b i l i t y  i s  n o t  s imple  t o  p r e d i c t  For example, t r a c e s  o f  k e t o  
groups i n  po lye thy lene  maka t h e  polymer very  s e n s ~ t i v e  t o  u l t r a -  
v i o l e t  l i g h t ,  whereas poly (methylmethacry la te )  w i t h  one k e t o  
group f o r  each r e p e a t i n g  t ini t  i s  among t h e  polymers wi th  t h e  
h i g h e s t  u l t r a v i o l e t  s t a b i l i t y ,  I t  appea r s  t h a t  some polymer 
s t r u c  t u r e s  , u n l i k e  o t h e r s  , have a  mechanism f o r  dis s  l i , a  t ing  
absorbed energy t h a t  o the rwi se  would cause  breakdown c <  t h e  c h a i n ,  
Absorbed energy ca;; be d i s s i p a t e d  a s  h e a t  o r  r e - r a d i a t e d  a t  
l l T  R E S E A R C H  I N S T I T U T E  
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longer wavelength . A b e t t e r  understanding of these phenomena 
would probably explain why the same absorbing group may have a  
negative e f f e c t  on u l t r a v i o l e t  s t a b i l i t y  in  a  ce r t a in  polymer 
s t ruc ture  and be re l a t ive ly  harmless in  another s t ruc ture  . 
An in teres t ing  question i s  whether the efi32"- t of u l t r a v i o l e t  
on polymers can be predicted on the basis  of a  knowledge of the e f fec t  
of gamma or other ionizing radia t ion .  A few studies  have been 
concerned with comparing "he e f f e c t  of u l t r a v i o l e t  and gamma 
radiat ion on polymers. Charlesby has demonstrated fo r  poly (me thyl- 
me thacryla t e )  ( ref  . 4 )  t ha t  the degradation process due to  ioniz- 
ing and u l t r a v i o l e t  i r r ad ia t ion  i s  the same; only the eff ic iency 
of the two processes d i f f e r ,  since the energy absorbed per main 
chain cleavage i s  abo ' 550 eV with u l t r a v i o l e t  radiat ion and 
about 65 eV with gamma radiat ion.  A pa r t  from t h i s  difference 
in  eff ic iency,  Charlesby concludes tha t  the two react ions a r e  
very s imilar  and r e s u l t  in  the formation of s imilar  f r ee  r ad ica l s ,  
a s  seen by EPR. ( I t  must be noted tha t  "ionizing" radiat ions do 
not normally produce ionization in  organic polymers, and the ob- 
served e f fec t s  a r e  generally explained i n  terms of f r ee  radica l  
reactions with no par t ic ipa t ion  of ionic species) .  In a  follow- 
ing paper, however, Charlesby ( r e f .  5)  points out an important 
difference between gamma and u l t r a v i o l e t  i r r ad ia t ion  of poly.. 
(methylmethacrylate) : the suscep t ib i l i ty  of an e s t e r  group in 
polyme thylme thacryla t e  to  undergo homolysis by u l t r a v i o l e t  radiz- 
Lion i s  about 40 times tha t  with gamma radiat ion,  when compared 
to the suscep t ib i l i ty  of the main chain. This pronounced 
difference i s  ascribed to  the f a c t  tha t  while gamma radiat ion i s  
absorbed a t  random by the polymer chain, absorption of u l t r a -  
v i o l e t  i s  se lec t ive  a t  the keto group of the e s t e r  l ink.  I t  may 
be concluded tha t  the se lec t ive  absorption of u l t r a v i o l e t  l i g h t  
i s  responsible fo r  the d i f fe ren t  e f f e c t  of u l t r a v i o l e t  and gamma 
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r ad i a t i on  + This cons idera  t i on  i s  c e r t a i n l y  app l icab le  t o  poly- 
mer s t m c  tu res  o ther  than poly (methylmethacryla t e )  . 
It i s  i n t e r e s t i n g  to  no t'e t h a t  some high- temperature aroma t i c  
polymers t h a t  a r e  h igh ly  s t a b l e  to  gamm-radiation, such a s  the 
polyarylsulfones,  a r e  very  unstable  t o  u l t r a v i o l e t  r ad i a t i on  
( r e f ,  6,?,8) This bchavzcr is cf :cn cbserved v i t h  aromatic 
s t r u c t u r e s  exh ib i t ing  h rgh absorpt  ren In the u l t r a v i o l e t  region.  
A few s tud i e s  have appeared on t5e wavelength dependence of 
photodegradatlo3 in organic p o l > ~ . c r s .  As a general  r u l e ,  the  
lower the wavelength of  the r ad i a t i on  absorbed the  g rea te r  i s  the 
damage ( r e f ,  9 )  , However, ~t  has been fi.iqd t h a t ,  i n  the case  
of  aromatic polyamides, t,he r o s t  datr.ag~ng r i d l a t i o n  l i e s  i n  the 
near  u l t r a v i o l e t .  reglorn ( re f  .. P O  j Tht, r ~ a s o n  for t h i s  unusual 
behavior i s  no t  explaiqed.  Z L  1s  d i f f   cult to see  how a  ' less 
energe t ic  u l t r a v ~ o l e t  r ad l a t l on  c o ~ l d  cause more damage than a 
sho r t e r ,  more energe t ic  radiation chat LS equal ly  absorbed by 
the  polymer 
I t  is  inpor tanr  to c o n s ~ d e r  the various evr:qts t h a t  may 
follow absorpt ion of' a photon b?. a ce,r'ta in  gro.;p In a polymer 
molecule. Most organic m o l e c ~ l e s  l i e  In a s ~ n g l e t  ground L ta t e .  
Absorption of a photon r a i s e s  the  rrolec.ule to an e x c i t e d  s ingle t .  
o r  t r i p l e t  s t a t : e ,  I f  the rnoleculc h , i s  suf f'ic lent  energy in  the 
exci ted  s t a t e ,  whether IL be  s i n g l e t  or 1:ripit)c. bond d i s s o c ~ a -  
t i on  ray take place .  ?his  bond-brcak~ng process is r e l d t i v e l y  
slow and i s  s t a t  i s  t i c a l l y  nore pronable In t h e  long- l ived t r i p l e t  
s t a t e .  I f  a  C-H bond i s  broken. the process of excit.at, ion and 
decomposition can be represented a s  fol lows:  
h v  RH . . ; RH* 
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This decomposition process must compete wi th  o t h e r  deexci ta-  
t i o n  processes .  The e x c i t e d  molecule may r e v e r t  t o  the  ground 
s t a t e  by r a d i a t i o n l ~ s s  t r a n s i t i o n s  and the  emission o f  h e a t .  Re- 
ve r s ion  t o  the  ground s t a t e  may a l s o  be a c c o m ~ l i s h e d  by photon 
emission; the  exc l t ed  molecule r e - r a d l a t e s  p a r t  of  the  energy a t  
a longer  wavelength a s  the e l e c t r o n  r e t u r n s  t o  the  ground s t a t e .  
This phenomenon rs kn0v.m a s  f luorescence  o r  phosphorescence, de- 
pending on whether the  e x c l t c d  s t a t e  1s a s i n g l e t  o r  a  t r i p l e t ,  
and whether or  n o t  t h e r e  i s  a  time l ag  i n  the  r e - r a d i a t i o n  pro- 
c e s s ,  These harmless deexc i t a  t i o n  processes a l low the  e x c i t e d  
molecule t o  r e  turn  t o  the  ground s t a t e  wi thout  producing a  
chemical change : 
RH* -* RH + h e a t  
Reversion to  he ground s t:ate may a l s o  be acconplished by 
t r a n s f e r  o f  e l e c t r ~ n i c  energy t o  another group Ln t he  v l c i n i t y  
o f  the  exc i t ed  moltxule : 
Such c lecc ron ic  energy t r a n s f e r  i s  be l i evsd  t o  p lay  an  
lmpor tan  t r o l e  i n  polyn~er pho codegrada t i o n ,  p a r t i c u l a r l y  where 
long- l ived t r i p l e t  s t a t e s  drc involved ( r e f ,  11) , The importance 
of  energy t r a n s f e r  processes becomes apparen t  i f  one cons ide r s  
t h a t  p h o t o l y t l c  degradat ion  is n o t  e n t i r e l y  a consequence o f  
absorp t ion  oi a  photon by the  p a r f l c u l a r  group undergoing degrada- 
t i o n .  Very o f t e n  energy is t r a n s f e r e d  t o  t h i s  "weak" group from 
a d i f f e r e n t  absorbing group i n  the  polynex or  from an absorbing 
fmpuri t y ,  Some workers have devoted cons ide rab le  a t t e n t i o n  t o  
the  s tudy  of  polymer pho to lys i s  i n  t:he presence o f  " s e n s i t i z i n g "  
i m p u r i t i e s ,  such a s  the  pho to lys i s  of s i l i c o n e s  i n  the  presence 
of  naphthalene ( r e f ,  12)  o r  the  pho to lys i s  of  polypropylene i n  
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the  presence o f  phenan threne ( r e f .  13 ) .  Elec t r on i c  energy t rans -  
f e r  i s  involved i n  the  s e n s i t i z e d  degradation process.  An in-  
t e r e s  t i n g  case  o f  in t ramolecular  energy t r a n s f e r  i s  the  pho t o l y s i s  
o f  polyme thylphenylsi loxanc ( r e f .  l 4 ) ,  i n  which photodegrada t i on  
occurs predominantly a t  the  me thy1 group, a 1  though the phenyl 
group i s  r espons ib le  f o r  absorpt ion  I t  i s  i n t e r e s t i n g  a t  t h i s  
po in t  t o  observe the s i m i l a r i t y  between a  " s t a b i l i z e r "  and a  
1 I s e n s i t i z e r "  of  u l t r a v i o l e t  degradat ion.  Both molecules a r e  
s t rong  u l t r a v i o l e t  absorbers  and w i l l  reach an exc i t ed  s t a t e  a s  a  
r e s u l t  of  photon absorp t ion ,  The " s ens i t i z e r "  w i l l  r e t u rn  to  the  
ground s t a t e  by t r a n s f e r  of  energy t o  the  polymer, the re fo re  
i n i t i a t i n g  degradat ion.  The s t a b i l i z e r  wi i l  r e t u r n  t o  the  ground 
s t a t e  by r e - r a d i a t i n g  the absorbed energy a s  hea t  o r  a s  a phgton 
of  longer wavelength. For a  s t a b i l i z e r  to  be  e f f e c t i v e  i t  i s  
e s s e n t i a l  t h a t  the  energy of  e x c i t a t i o n  be d i s s i p a t e d  quickly .  
S ince  t r a n s f e r  of energy t o  the polymer i s  a compet i t ive  process ,  
the r a t e  o f  deexc i t a t i on  i s  very c r i t i c a l ,  I t  i s  i n t e r e s t i n g  t o  
observe t h a t  while  benzophenone 1s a s e n s i t i z e r  of  photochemical 
r e ac t i ons  and i s  q u i t e  r e a c t i v e  i n  ~ t s  exc i t ed  s t a t e ,  o-hydroxy 
benzophenone i s  very s t a b l e  t o  u l t r a v i o l e t ,  and i s  i n  f a c t  used 
a s  u l t r a v i o l e t  s t a b i l i z e r .  There 1s s u b s t a n t i a l  evidence t h a t  
the reason f o r  the s t a b i l i t y  of o-hydroxybenzophenone i s  the  
a b i l i t y  of  the  photoexcited molecule to r e t u r n  to  the  ground 
s t a t e  through a  r a d i a t i o n l e s s  t r a n s i t i o n  so  t h a t  the energy i s  
given up i n  the  form of harmless h e a t  ( r e f .  l9,ZO). This behavior  
i s  undoubtedly assoc ia ted  with the c a p a b i l i t y  of  the o-hydroxybenzo- 
phenone t o  form an in t ramolecular  six-membered hydrogen-bonded 
r i n g :  
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The exc i ted  s t a t e  induced by absorpt ion of a  quantum of 
l i g h t  i s  deact ivated through a  r e v e r s i b l e  mechanism t h a t  leaves 
the s t a b i l i z e r  molecule unchanged and does n o t  cause any chemical 
e f f e c t  i n  the  polymer. 
Recently i t  has been demonstrated t h a t  compounds t h a t  do no t  
absorb the inc iden t  r ad i a t i on  can a l s o  s t a b i l i z e  the polymer by 
abs t r ac t i on  of the exc i ted  s t a t e  energy from the polymer molecule. 
G u i l l e t  r e f e r s  t o  these  types of compounds a s  "quenchers" ( r e f .  
15 ) ,  Heskins and G u i l l e t  ( r e f .  16) have shown t h a t  1,3-cyclo- 
oc tadiene can quench the exc i ted  t r i p l e t  s t a t e  i n  polyvinylketones 
and ethylene-carbon monoxide copolymers and s t a b i l i z e  these poly- 
mers   gains t pho todegradation,  There i s  s t rong  evidence t h a t  the 
mechanism of ac t i on  of n i cke l  che l a t e s  of  thiobisphenols ( r e f .  17) ,  
t h a t  a r e  known t o  be good s t a b i l i z e r s  for  polyolef ins ,  involves 
pr imari ly  an energy t r a n s f e r  mechansim. The s t a b i l i z i n g  e f f e c t  
of pyrene and p- terphenyl i n  poly(me thylme thac ry l s t e )  was a l s o  
i n t e rp re t ed  i n  terms of an energy t r a n s f e r  mechanism ( r e f .  18).  
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4 .  PHOTODEGRADATION OF VARIOUS POLYMER CLASSES -
In t h i s  sect ion,  some important c l a s se s  of polymeric mater ia l s  
a r e  reviewed with a b r i e f  discussion of t h e i r  photolytic behavior. 
It should be noted tha t  because of propr ie tary  i n t e r e s t s  , much 
of the l i t e r a t u r e  per ta ining to polymer photochemistry does no t  
appear i n  s c i e n t i f i c  journals.  Much of the data  on photostabi l iza-  
t ion ,  f o r  ins tance,  i s  to be found i n  the patent  l i t e r a t u r e .  
The publications reviewed here a r e  the ones which have the g r e a t e s t  
s c i e n t i f i c  merit  and the ones t h a t  dea l  more s p e c i f i c a l l y  with the 
mechanisms of photolysis  . Par t i cu l a r  consideration has been given 
to s tudies  dealing with photolysis  i n  vacuum, although some s tud ie s  
performed i n  a i r  have been included, depending upon t h e i r  technical  
relevance, and whether o r  not  any study performed i n  vacuum was 
ava i lab le  on t h a t  pa r t i cu l a r  polymer. 
4.1 Polyethylene 
A pure polyethylene chain s h o ~ l d  no t  absorb rad ia t ions  of 
0 
wavelength higher than 2000A. In r e a l i t y ,  polyethylene does 
absorb i n  the u l t r a v i o l e t  due t o  i n p u r i t i e s  o r  i r r e g u l a r i t i e s  i n  
the polymer chain. Since impurit ies and i r r e g u l a r i t i e s  may vary 
with the sample and the source of the polymer, the i n t e rp re t a t i on  
of the r e s u l t s  and the comparison of data  of d i f f e r e n t  authors 
i s  pa r t i cu l a r ly  d i f f i c u l t .  The formation of carbonyl groups a s  
a r e s u l t  of oxidation during polymerization o r  processing i s  o f ten  
blamed f o r  u l t r a v i o l e t  absorption and consequent i n s t a b i l i t y  of 
polyethylene. Charlesby and par t r idge ( r e f .  l a ,  2) have shown t h a t  
carbonyl groups a r e  indeed present  i n  polyethylene and t h a t  the 
u l t r a v i o l e t  and gamma induced thennoluminescence and phosphore- 
scence of polyethylene a r e  assoc i a  ted with the presence of carbonyl 
impurit ies.  
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Polyethylene undergoes much f a s t e r  physical change upon 
i r r ad ia t ion  i n  a i r  than i n  nitrogen ( r e f .  21),  Charlesby (ref  ,22) 
exposed polyethylene to  25376 radiat ion both in  oxygen and in  
nitrogen; he found tha t  u l t r a v i o l e t  exposure r e s u l t s  i n  an in- 
creased absorbance i n  the 2000- 28OOA region, and ascribed the ab- 
sorbtion t o  conjugated unsatura t ion ,  Cotten ( r e f .  23) showed 
tha t  both chain- sciss ion and crozs- l inking take place on i r radia-  
t ion of polyethylene in  a i r ,  and tha t  sciss ion i s  favored in  the 
highly c rys ta l l ine  region. Since the diffusion r a t e  of oxygen 
in to  amorphous regions i s  greater  than in  c r y s t a l l i n e  regions, 
cross- l inking occurs preferent ia l ly  in  the amorphous regions ( r e f .  
24). Ohnishi ( r e f .  25) i r rad ia ted  polye t'flylene in  vacuum with 
electrons a t  -78°C and by EPR, found a l l y 1  radica ls ,  
0 
these a l l y 1  radica ls  a r e  converted to  a lky l  rad ica ls  under 2537A 
i r radia t ion .  The t o t a l  r ad ica l  concentration does not  change, 
indicat ing the existence of an a lkyl -a l ly1  equilibrium: 
-CH2-CH-CH4H- -CH-CH2-CH=CH- 
Pivovarov ( re f .  3 )  reported tha t  polyethylene always contains 
phenanthrene, an thracene and naphthalene as  impurit ies,  and tha t  
these aromatic compounds a c t  a s  sens i t i ze r s  of u l t r a v i o l e t  degrada- 
t ion. 
4.2 Polypropylene 
Several f ree  r ad ica l  species have been detected by Yoshida 
( r e f .  26) and Browning ( re f .  27) in  the EPR spectrum of i r rad ia ted  
polypropylene: 
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Milinchuk ( r e f ,  28) has observed the same type of  a l l y l -  
a l k y l  f r e e  r a d i c a l  equi l ibr ium descr ibed f o r  polyethylene i n  the  
u l t r a v i o l e t  i r r a d i a t i o n  of polypropylene i n  the  absence o f  a i r .  
In the presence of  a i r ,  peroxy r a d i c a l s  der ived from both the  
a l l y l  and a l k y l  r a d i c a l  a r e  formed. Kl inshpor t  ( r e f ,  29)  f i nds  
t h a t  the  t ransformation i s  r e v e r s i b l e  and i n  the  dark the  a l k y l  
r a d i c a l  i s  transformed i n t o  a l l y l  r a d i c a l ,  Malinskaya ( r e f ,  13) 
has  s tud ied  the  pho to lys i s  of polypropylene con ta in ing  
phenanthrene a s  s e n s i t i z e r ,  He found by EPR the  same r a d i c a l s  
descr ibed by Yoshida and Browning; he  sugges ts  t h a t  the  samples 
s tud ied  oy these  workers contained undetected amounts o f  aromatic 
impur i t i e s .  McTigue ( r e f .  30) repor ted  t i x t  pigments a r e  
b e n e f i c i a l  f o r  u i t r a v i o l e t  s t a b i l i t y  o f  polypropylene and t h a t  
carbon black i s  the most e f f e c t i v e .  
4 3 Unsaturated Polyhydrocarbons -
A paper by Golub ( r e f .  31) reviews the  pho t o ly s  i s  i n  vacuum 
of the fol lowing unsa t u r a  ixd polymers 
FH3 
1 ,G polyisoprene ; -CH2-C=CH-CH 2 - 
1 ,4  polybu tadiene  : -CH2-CH=CH-CH2- 
1,2  polybu tadiene  : CH=CH2 
I 
-CH-CH2- 
3,4 polyisoprene:  FH3 
These polymers were found t o  undergo a r a d i a t i o n  iqduced c i s - t r a n s  
isomeriza t i o n ,  
In the  i r r a d i a t i o n  o f  1 , 4  polyisoprene and 1 ,4  polybutadiene,  
the  energy absorbed by the  double bond i s  d ive r t ed  i n t o  breaking 
C-C bonds connecting the  repea t ing  u n i t s  r 
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The C - C  bond connec t ing  t h e  r e p e a t i n g  u n i t s  i s  the weakest  
bond i n  t!ic c h a i n ,  w i th  a  s t r e n g t h  (55 kca l /mo le )  which i s  
lowered f r o m  : - ' - t s  ~io tn ia l  C-C bond s t r e n g t h  by t h e  resonance  energy  
o f  the two a; l v l  r ~ d i c a l s  formed on c h a i n  s c i s s i o n .  
The format ion o f  cyc lop ropy l  groups d u r i n g  p h o t o l y s i s  i s  ex- 
p la ined  a s  fo l l ows :  
!,!ith 1 ,2 -po lybu tad i ene  and 3 ,4 -po ly i sop rene  a  s i m i l a r  pro-  
c e s s  of c h a i n  c l eavage  t a k e s  p l a c e :  
I l l  R E S E A R C H  I N S T I T U T E  
Cyclopropyl group forma t i o n  t akes  p l ace  by a  process  
s i m i l a r  to  the  one shown f o r  1 ,4-poly isoprene .  
4 .4 Polystyrene 
I n  s p i t e  of  the  l a r g e  amount of l i t e r a t u r e  on the  pho to lys i s  
o f  polys tyrene ,  only two s t u d i e s ,  one by Fox ( r e f .  32) the  o t h e r  
by Grass ie  ( r e f .  3 3 ) ,  d e a l  wi th  the  mechanisms of  p h o t o l y s i s  i n  
0 
vacuum. These workers exposed f i lms  o f  polys tyrene  t o  2537A 
r a d i a t i o n  i n  vacuum. They found t h a t  u l t r a v i o l e t  r a d i a t i o n  causes  
almost  e x c l u s i v e l y  c r o s s - l i n k i n g .  Chain s c i s s i o n  was n e g l i g i b l e ,  
u n l e s s  oxygen was p r e s e n t .  Yellowing was very pronounced, even 
i n  the  absence of oxygen. Grass i e  sugges ts  t h a t  c o l o r  i s  due t o  
conjugated u n s a t u r a t i o n ,  and he p o i n t s  o u t  t h a t  on me l t ing  a  de- 
i;raded f i lm  t h a t  was yellow the  c o l o r  of  the m e l t  t u r n s  immediately 
b lack .  He i n d i c a t e s  t h a t  t he  p h o t o l y t i c  process  t h a t  i s  e n e r g e t i -  
c a l l y  more favorable  involves  removal o f  the hydrogen atom from 
the  t e r t i a r y  carbon : 
c,ross-  l i n k i n g  r e s u l t s  from recombination of the  t e r t i a r y  
r a d i c z  l s fv.-ec! by hydrogen a b s t r a c t i o n .  A s  a  gene ra l  r u l e ,  the  
more r e a c t i v e  the removed hydrogen, the  l e s s  r e a c t i v e  the  r e s u l t -  
ing f r e e  r a d i c a l ;  t h e r e f o r e ,  c r o s s - l i n k i n g  occur s .  A l t e r n a t e l y ,  
the :.es~s r e a c t i v e  the  hydrogen, the  more r e a c t i v e  the  new f r e e  
r a d l c a l ,  and chai-n s c i s s i o n  becomes the  predominant r e a c t i o n .  
4 .5  Poly(  Y - ae  t h y l s  ty rene )  
S u b s t i t u t i o n  o f  a  methyl group f o r  the  a-hydrogen i n  poly- 
s t y r e p e  r e s l ~ l t s  i n  a  s t r u c t u r e  t h a t  degrades i n  a t o t a l l y  d i f f e r e n t  
way. In  po l y s  ~ y r e n e  , t he  p h o t o l y s i s  involves  e x c l u s i v e l y  c r o s s -  
l inkin;.  , whereas i n  poly (a-me t h y l s  t y r e n e )  pho t o l y s  i s  involves  ex- 
cl~,:sivel;r  cha in  s c i s s i o n :  
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The r e a s o n  f o r  t h e  d i f f e r e n t  b e h a v i o r  i s  due  t o  t h e  f a c t  
t h a t  a  r e l a t i v e l y  s t a b l e  t e r t i a r y  r a d i c a l  i s  formed w i t h  po ly -  
s t y r e n e  w h i l e  a n  u n s t a b l e  s e c o n d a r y  r a d i c a l  i s  t h e  p r e c u r s o r  t o  
t h e  more r a p i d  c h a i n  s c i s s i o n  o c c u r r i n g  i n  poly(a-me t h y l s  t y r e n e )  . 
The less  s t a b l e  t h e  r a d i c a l s ,  t h e  more l i k e l y  a r e  t h e y  t o  decom- 
pose  r a t h e r  t h a n  t o  combine t o  g i v e  c r o s s - l i n k s  ( r e f .  3 4 ) .  
S t o k e s  and Fox ( r e f .  35)  have  s t u d i e d  t h e  p h o t o l y s i s  o f  
p o l y ( -  - m e  t h y  1s t v r e n e )  f  i l m s  i n  vacuum. Monomer i s  formed by de-  
p o l y m e r i z a t i o n  and t h e  mononer y i e l d  i n c r e a s e s  w i t h  i n c r e a s i n g  
t e m p e r a t u r e .  :It 2 7 " C ,  t h e  quantum y i e l d  f o r  random s c i s s i o n  was 
1 0 ' ~  and for monomer f o r m a t i o n  7 x  ( a p p r o x i m a t e l y  7 monomer 
u n i t s  f o r  each  s c i s s i o n ) .  A t  155"C, t h e  quantum y i e l d  f o r  s c i s s i o n  
was 2 x  lo- '  and f o r  monomer f o r m a t i o n  0.5 ( a p p r o x i m a t e l y  25  
monomer u n i t s  f o r  each  s c i s s i o n ) .  
4 . 6  b'luorocarbon Polymers 
Elsny - .  p a p e r s  h a v e  been p u b l i s h e d  on t h e  e f f e c t s  o f  gamma 
i r r a d i a t i o n  on f l u o r o c a r b o n  po lymers ,  b u t  v e r y  l i r t l c  h a s  been  
publishcd LW :?I t r a v i o l e  t i r r a d i a t i o n .  :;ewers ( r e f .  36) s t u d i e d  
t h e  c r o s s -  1 i n k i n g  o f  f l u o r o p o l y m e r s  by i r r a d i a t i o n  a t  e l e v a t e d  
t e m p e r a t u r e s  . :'he s o u r c e  u s e d  was a  Pen-Kay q u a r t z  merci.!ry lamp, 
r 
c m i  t t L n g  r a d i a t i o n  p r i n c i p a l l y  a t  1849 and  2 5 3 6 A .  l lnder n i t r o g e n ,  
:l t r a v i o l e t  i r r a d i a t i o n  o f  po ly (c1 i lo ro  t r i f  l u o r o e  t h y l e n e )  a t  250°C 
r e s u l t e d  i n  d e g r a d a t i o n  w h i l e  o n l y  minor  d e g r a d a t i o n  was o b s e r v e d  
w i t h  poly(tctrafluoroethy1ene) a t  325°C; n o  c r o s s - l i n k i n g  was 
n o t e d .  N i t h  T e f l o n  100 FKP (a  copolymer o f  t e t r a f l u o r o e t h y l e n e  
and h e x a f  l u o r o p r o p e n e )  bo th  s c i s s i o n  and c r o s s -  l i n k i n g  o c c u r  and 
t h e  l a t t e r  i n c r e a s e s  w i t h  i n c r e a s i n g  t e m p e r a t u r e .  
S Ccphenson ( r e f .  3 7 )  s t u d i e d  t h e  p h o t o l y s i s  o f  p o l y t e t r a -  
f l u o r o e  t h y l e n e  b o t h  i n  n i t r o g e n  and vacuum. I h l  i k c  o t h e r  p o l y -  
mers, t h e  d r o p  i n  t e n s i l e  s t r e n g t h  and e l o n g a t i o n  by i r r a d i a t i o n  
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with  253714 u l t r a v i o l e t  l i g h t  i s  more r a p i d  i n  vacuum than i n  
n i t r o g e n  . A s tudy o f  the  wavelength dependence of  photodegrada- 
t i o n  of poly ( t e  t r a  f luoroe  thy leoe )  showed tila t t h e  e f f i c i e n c y  i n  
producing degrada t ion  i n c r e a s e s  wi th  dec reas ing  wavelength 
( r e f .  37). A s tudy o f  t he  a b s o r p t i o n  spectrum o f  p o l y t e t r a f l u n r o -  
e thy lene  ( a s  we l l  a s  of  o t h e r  u n f l u o r i n a t c d  polyhydrocarbons 
wi th  no n a t u r a l  a b s o r p t i o n  i n  the  u l t r a v i a l e t )  showed t h a t  poly- 
mer abso rp t ion  and luminesccnce i n  the  UV range a r e  due t o  a romat ic  
i m p u r i t i e s  ( r e f .  3 ) .  
4 . 7  Poly(mc thylme t h a c r y l a  t e )  
The pho t o l y s i s  of  poly(me thylmethh,. : - ' a t e )  has  bcen s t u d i e d  
i n  g r e a t  dep th  by s e v e r a l  workers .  The , . 1 4 ~ ) ~ o l y t i c  process  i s  
verv s i m i l a r  to  p o l v ( , ~ - m e t h y l s t y r e n e ) ,  i n  t h a t  t he  polymer under- 
goes rando:n cna in  c  leavage wi th  no c r o s s -  1 i nk ing .  Pho todegrada- 
t i o n  a t  room temperature produces smal l  amounts of v o l a t i l e  
1 1  
m a t e r i a l s ,  !-,,~t the  format ion of  monomer h v  unzipping" i n c r e a s e s  
w i t h  i n c r t ' a s i r  te!!~pera t u r e  . 
Fox ( r e f .  9 )  p o i n t s  o u t  t h a t  because of  the  n low a b s o r p t i o n  
coe f f  i c i e ~ c  of' ~ ~ o l y ( m e t h y l . , w t h a c r y l a t e )  a t  2537A, t h i s  r a d i a t i o n  
cal-. t~ene  t r a  tc. a t h i n  f i l m  wi th  on ly  s l i g h t  a t t e n u a t i o n ,  whereas 
w i tk  more h i g h l y  a ! ~ s o r l i n g  polymers a  "skin" z f f e c t  i s  produced. 
The pho t o l y s i s  o f  poly (me thylme t h a c r y l a t e )  was s t u d i e d  i n  vacuum 
a t  7 5 ' C  wi th  a  medium p r e s s u r e  mercury lamp. The quantum y i e l d  
2 f o r  random s c i s s i o n  i s  4x10- , Methyl formate ,  methanol and 
me thy lac ry l a t e  a r e  formed i n  quantum y i e l d s  o f  0.14, 0.48 and 
0.20,  r e s p f c t i v e l y ,  i n d i c a t i n g  a  depolymer iza t ion  o f  about  f i v e  
monomer u n i t s  f o r  c h a i n  break ( r e f .  38) .  
Charleshy acd Thonas ( r e f .  4 )  s t u d i e d  the  p h o t o l y s i s  i n  
v a c u m ,  a i r  and n i t r o g e n .  S u r p r i s i n g l y ,  t he  quan turn y i e l d s  
i r  a i r  o r  n i t r o g e n  a r e  lower than i n  vac,dlum. Fox ( r e f .  9 )  p o i n t s  
o u t  t h a t  oxygen might a c t  a s  an i n h i b i '  rr by scavenging secondary 
polymer r a d i c a l s  which a r e  p r e c u r s o r s  t o  cha in  s c i s s i o n .  dh i  lc 
n i t r o g e n  might suppres s  t h e  d i f f u s i o n  o f  gases  from t h e  f i l m ,  
i t  i s  d i f f i c u l t  t o  s e e  how t h i s  could  a f f e c t  t he  r a t e  of  s c i s s i o n .  
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Many workers  have no ted  t h e  appearance  o f  a  new band a t  
0 
2850A i n  u l  t r a v i o l e r  i r r a d i a t e d  po ly  (methylme t h a c r y l a  t e )  . Thi s  
new band appea r s  by i r r a d i a t i o n  e i t h e r  i n  a i r  o r  vacuum, dnd r e -  
mains w i t h  t h e  polymer even a f  t e r  r e p r e c  i p i t s  t i o n ,  i n d i c a t i n g  
t h a t  t h e  abso rb ing  group i s  p a r t  o f  t he  c h a i n  ( r e f .  3 8 ) .  Fox 
( r e f .  38) a s c r i b e s  t h e  2850A a b s o r p t i o n  t o  a  c a r b c n y l  chromop~lore 
formed by secondary r e a c t i o n s  a f t e r  homolysis o f  t h e  e s t e r .  
Fro lova  ( r e f .  39) a s c r i b e s  i t  t o  con juga ted  u n s a t u r a t i o n  i n  t h e  
c h a i n ,  because t h e  a b s o r p t i o n  s h i f t s  t o  h i g h e r  wavelengths  d u r i n g  
i r r a d i a t i o n .  He s u p p o r t s  t h i s  conc lus ion  w i t h  a  s t u d y  o f  t h e  I R  
spectrum o f  t h e  i r r a d i a t e d  polynicr Chat shc-JS new bands a t  1615 
and lfi40cm-' i n d i c a t i v e  o f  t h e  p r e s e x e  of  o l e f i n i c  unsa t u r a  t i o n .  
E l e c t r o n  s p i n  resonance  s p e c t r a  of  u l t r a v i o l e t  and gamma 
i r r a d i a t e d  poly(methylmethacry1a t e )  a r e  i d e n t i c a l ,  i n d i c a t i n g  
t h a t  t h e  same f r e e  r a d i c a l s  a r e  p r e s e n t  i n  t he  i r r a d i a t e d  poly-  
mers ( r e f .  4 0 , 4 ) .  
4 . 8  Poly (me t h y l a c r y l a  t e )  
A s t u d y  by Fox ( r e f .  41 )  i n d i c a t e s  t he  io rmat ion  of  a  weak 
0 0 
band a t  2800A 0x1 i r r a d i a t i o n  i n  vacuum a t  2537A. The main 
v o l a t i l e  p roduc t s  a r e  formaldelyde , me than01 and m e  t!~ylforma te 
(from ester  grollp decompos i t ion) ,  a long  w i t h  C02 a x i  hydrogen. 
The r a t e  o f  CO format ion  i n c r e a s e s  w i t h  dose ;  s i n c e  t h e  enu-group 2 
c o n c e n t r a t i o n  i n c r e a s e s  w i th  dose ,  i t  i s  sugges ted  t h a t  C02 comes 
from t h e  t e r m i n a l  end groups .  
4 .9  Poly (e t h y l a c r y l a  t e )  
A s tudy  by Jacobs  ( r e f .  42,431 shows t h a t  bo th  c r o s s - l i n k i n g  
and c h a i n  s c i s s i o n  t a k e  p l a c e  d u r i n g  i r r a d i a t i o n .  The time 
n e c e s s a r y  t o  produce i n s o l u b l e  g e l s  i n c r e a s e s  w i t h  decreac:.ng 
tempera ture .  Below t h e  g l a s s  t r a n s 2 t i o n  tempera ture  ( -  17 "C) t h e r e  
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i s  no formation of insoluble  products. It appears t h a t  when the 
mobil i ty of the chain i s  reduced, the recombination of  r a d i c a l s  
to  give c ross - l inks  i s  l e s s  l i k e l y  t o  occur. 
4.10 Polyketones 
The study of the  photolysis  of polyketones i s  p a r t i c u l a r l y  
i n t e r e s t i ng  because the photolysis  of  simple a l i p h a t i c  ketones 
i s  a well  understood process. Two primary reac t ions  a r e  known 
to  occur i n  the photolysis  o f  a l i p h a t i c  ketones: 
Norrish Type I: 0 I I 0 I t  
R-C-R -%> R-C* + R e  
Norrish Type 11: 0 1 1  0 h I 1  R-CH2-CH2-CH2-C-R 2) R-CH=CH2 + CH3-C-R 
Wissbrun ( r e f .  44) s tudied the pho to lys  i s  of poly (me thyl-  
0 
vinylketone) a t  3130A. An increased absorption below 2500A was 
observed, and acetaldehyde, carbon monoxide and methane were 
formed i n  quantum y ie lds  of 0.06, 0.003, and 0.0006 a t  80°C. 
Gui l le  t ( r e f .  45) studied the  photolysis  of  poly(methylviny1ke tone) 
and polyethylene-carbon monoxide copolymer. He f inds  t h a t  the 
photolysis  of  polyketones i s  described very wel l  by the Norrish 
type I and 11. It is i n t e r e s t i n g  to  note t ha t  the  Norrish type 
I1 follows a molecular mechanism t h a t  does no t  involve formation 
of f r e e  radica 1s : 
7-  
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4.11 Polvvinylchlor ide  
The spect roscopic  changes produced by u l t r a v i o l e t  i r r a d i a t i o n  
i n  vacuum of PVC f i lms have been s tud ied  by Golub ( r e f .  96 ) .  
The main p h o t o ~ v t i c  e f f e c t  i s  the formation o f  a conjugated 
polyene system through progress ive  l o s s  of  H C 1 :  
- HCI 
21ft-CII-CIIs-CH-CH,-CII- --+ -CIl=CkI-CII-CII-CII-CH- 
I I I 
C1 a CI 
As the sequence of  conjugated double bonds inc reases ,  ab- 
sorp t ion  inc reases  progress ive ly  from the  u l  t r a v i o l s  t t o  th2 
v i s i b l e  por t ion  of  the spectrum. Consequently, PVC f i lms  become 
inc reas ing ly  colored on i r r a d i a t i o n .  The quantw; y i e l d  f o r  H C 1  
0 
formation i s  independent of  wavelength below 3400A, which i s  the  
e f f e c t i v e  photochemical cu  t -o f f  wavelength. 
The following f r e e - r a d i c a l  mechanism has been proposed f o r  
the  dehydrochlorinat ion r e a c t i o n :  
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4.12 P o l y a c r y l o n i t r i l e  
J e l l i n e k  ( r e f .  46) repor ted  t h a t  exposure of  polyacrylo- 
0 
n i t r i l e  t o  2537A i r r a d i a t i o n  i n  vacuum r e s u l t s  i n  cross-  l i n k i n g  
and formation of  HCN. Fox ( r e f .  9 )  po in t s  o u t  t h a t  the longes t  
wavelength absorpt ion  maximum of the n i t r i l e  group i s  about  
0 
1600A. P o l y a c r y l o n i t r i l e  should the re fo re ,  be very  t r ansparen t  
t o  u l t r a v i o l e t .  However, absorpt ion  occurs  wi th  a maximum a t  
0 
2650A t h a t  i s  somehow assoc ia ted  with the  polymer s t r u c t u r e  it- 
s e l f .  The chromophore causing the  absorpt ion  has  n o t  been 
i d e n t i f i e d  . 
4.13 Polyes ters  
Three recen t  papers have been published by Day and Wiles on 
the pho t o l y s i s  of poly (ethylene te rephthala  te) i n  n i t rogen  and a i r  
( r e f .  47,  48, 4 9 ) .  A s  a r e s u l t  of  i r r a d i a t i o n ,  an inc rease  i n  
carboxyl groups was observed, t h a t  was asc r ibed  t o  the  decomposi- 
t ion  of the  e s t e r  group by a Norrish Type I1 process:  
' H  
:' \ 
0 0' CH- 
?hey found t h a t  CO and C02 were the  major v o l a t i l e  products 
and t h a t  C02 was formed p r imar i ly  i n  the presence o f  a i r .  The 
formation of  CO was explained on the  b a s i s  o f  a Norrieh Type I 
cleavage r e a c t i o n  : 
4 
Ph* + co 
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The f a c t  tha t  GO2 formation takes p, ace primarily i . 1  the pre- 
sence of oxygen suggests that  hydroperoxidation i s  involvtd: 
Another phenomenon observed in  poly (e thylene terephthala t e )  
i r rad ia ted  in  the gresence of a i r  i s  the iippearance of a fluore- 
scent band a t  4600A. This band was ascribed to  the formation of 
an hydroxylated derivat ive r e su l t ing  from the a t tack  of the OH 
rad ica l  (formed from the reaction above) on the phenyl r ing:  
The nature of the fluorescent product was confirmed by 
Pac i f i c i  ( r e f ,  50) whc compared the fluorescence spectrum of 
i r rad ia ted  poly (ethylene terephthala t e )  with tha t  of synthetic 
hydroxylated polyes ~ e r s  . 
It has been reported ( r e f .  51) tha t  polyester compositions 
based on neopentylglycol exhib i t  superior u l t r a v i o l e t  res i s tance ,  
This i s  probably due to  the f a c t  tha t  the cleavage of the e s t e r  
via Norrish Type I1 cannot occur because of the absence of 
hydrogen on the carbon atom to the hydrcxyl groups i n  
neopentylglycol: 
FH3 
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A paper by Coheil ( r e f .  42)  desc r lbes  a number of aroma t i c  
po lyes te r s  tha t under u l t r a v i o l e t  i r r a d i a t i o n  rear range  t o  an  
o-hydroxybenzophenone s t r u c  t u r e  according t o  the pho to-Fr i e s  
r eac t ion  : 
These po lyes te r s  a r e  repor ted  t o  L-J u s e f u l  a s  coa t ings  f o r  
protec t i n 8  s u b s t r a t e s  o r d i n a r i l y  s e n s i t i v e  to  u l t r a v i o l e t  l i g h t .  
i4e did  n o t  f i n d  any work dea l ing  with t h e  u l c r a v i o l e t  i r r a d i a t i o n  
of polycarbona t e s  . 
4.14 Polyamides 
A paper by Moore ( r e f .  53) d e a l s  with the  photolys is  of Nylon 
66 and of r.odel N-alkyl amides both i n  n i t rvgen and a i r .  Both 
c r o s s l i n k i n g  and chain s c i s s i o n  were found t o  occur.  The mechanisms 
proposed a r e  b a s i c a l l y  i n  agreement wi th  the  mechanisms proposed 
previously by Rafikov ( r e f .  54). The mechanism f o r  c ross - l ink ing  
involves e l imina t ion  of an hydrogen a tom from the  carbon a d j a c e n t  
to  the  n i t rogen  atom followed by combination of  two r a d i c a l s  : 
J 
Cross- l i n k i n g  
The mechanism ;or chaill s c i s s i o n  involves cleavage o f  C-N 
bonds with subsequent formation o f  CO and e thy lene :  
0 0 
. . - . . - -  
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Brick ( r e f .  55,56) reported some s t r u c t u r a l  modif icat ions 
o f  Nylon 6 t h a t  produce a f i b e r  crimping e f f e c t .  Tie following 
Nylon 6 modificat ions were considered : 
These s t r u c t u r e s  were repor ted  t o  possess good u l t r a v i o l e t  
s t a b i l i t y  (with the excevtion of  the d i s u l f  i de )  , Comparative 
da ta  with the  u l t r a v i o l e t  s t a b i l i t y  of  unmodified Nylon 6 were 
A paper by Johnson ( r e f .  10) d i scu-ses  the  photodegradation 
of th ree  aroma t i c  polyamides : 
-CO - ,,, - CO-NH 7- ' <'? NH- 
) ;NOMEX) 
. - 'L;,I 
', 
r.. L 
-?Ty-.-, '-LCO-NI: ,/;-L NH-co 4 NH-CO - 1 
I ?$ \ -.' co - \ /,. I . - 
/' 
'v \- (M3P) 
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A study of  the wavelength dependence of pho todegrada t ion 
shows t h a t  a l l  three  polymers a r e  degraded by l i g h t  of much 
longer wavelength than t h a t  which i s  harmful t o  o ther  polymers. 
0 
Polymer (1) and (2) show degradation inaxima a t  3600 and 3700A; 
polymer(3)is degraded s i g n i f i c a n t l y  even by v i s i b l e  l i g h t  
0 
( p a r t i c u l a r l y  4 1 4 0 ~ )  , The mechanism of degradation i s  no t  known. 
A study by Krasny ( r e f ,  57) on the photos tab i l i za t ion  of  
Nomex f i b e r s  confirms t h a t  Nomex i s  p a r t i c u l a r l y  s e n s i t i v e  t o  
0 
pho todegrada t ion  i n  the wavelengtn region of 3600- 39OOA. Ult ra-  
v i o l e t  s t a b i l i z e r s  exh ib i t ing  s t rong absorption i n  t h i s  c r i t i c a l  
wavelength region were found t o  be unsa t i s f ac to ry  because of 
polymer incompat ibi l i ty  o r  o ther  undesi rabie  e f f e c t s  
4.1 5 Polvethers 
Kelleher ( r e f .  58) s tudied the photoxidation of poly(oxi- 
me thylene) and found t h a t  random chain s c i s s ion  occurs followed 
by extensive depolymeriza t ion  t o  formaldehyde. A s imi l a r  pro- 
cess  occurred i n  a oxyethylene-oxymethylene copolymer, except 
t h a t  depolymeriza t i on  appeared to  s top  a t  the ethylene u n i t .  
Grassie ( r e f .  59) s tudied the  pho toxidat ion of poly(oxymethy;ene) 
0 
a t  2537 and 3650A, Hydrogen and carbon monoxide were the main 
decomposition products . I r r a d i a t i o n  i n  a i r  produced wel l  defined 
changes i n  the hydroxyl and carbonyl r e g i o m  of the  in f ra red  
0 
spectrum. I r r a d i a t i o n  a t  2537A was approximately 100 times more 
0 
e f f e c t i v e  than 3650A i r r a d i a t i o n .  Sukhareva ( r e f .  60) s tudied 
the spec t ra  of  u l t r a v i o l e t  i r r a d i a t e d  epoxy coat ings  and observed 
the  appearance of a band with a frequency of 1685cm-' t h a t  was 
ascr ibed t o  the carbonyl group. Carbonyl group formation takes 
place by a r a d i c a l  mechanism of  epoxy decomposition a t  the  
terminal groups, leading to the formation of f r e e  r a d i c a l s  t h a t  
can subsequently isomerize: 
0 
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4.16 Polyimides and polyamide- imides 
Alvino ( r e f .  61) s tudied  the u l t r a v i o l e t  s t a b i l i t y  of the 
following polyimides and polyamide- imide : 
He found t h a t  these polymers were s e n s i t i v e  t o  u l t r a v i o l e t  
l i g h t ,  e spec i a l l y  i n  the presence of moisture. the  mechanical 
and e l e c t r i c a l  p roper t i e s  of  (3) de t e r i o r a t ed  more r ap id ly  than 
those of (1) and ( 2 )  under both wet and dry  cond i t ions .  The in-  
c rease  i n  de t e r i o r a t i on  r a t e  on going from dry  to  wet environment 
was much g r ea t e r  f o r  (1)  and ( 2 )  tkan fo r  ( 3 ) ,  i nd i ca t i ng  t h a t  
(3) had g r ea t e r  hydro ly t i c  r e s i s t ance .  The e l e c t r i c a l  p rope r t i e s  
of (1) and ( 2 )  were unaffected by L, 6000hr i r r a d i a t i o n  i n  a  dry  
environment . 
7 Polysulfones 
Aroma t i c  polysulfones have been repor ted  t o  possess out-  
s  tanding r e s i s t ance  t o  high energy r a d i a t i o n  ( r e f .  6 ) .  Their  
u l t r a v i o l e t  s t a b i l i t y ,  however, i s  very poor. Poor u l t r a v i o l e t  
s t a b i l i t y  has been repor ted  f o r  the  Union Carbide polysulfone 
( r e f .  7 ) :  
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and f o r  the 3M polysulfone ("Astrel" 360) ( r e f .  8 ) :  
The work of Gesner and Kelleher ( r e f .  7 )  provides, a good de- 
s c r i p  t ion  of the pho to-oxida t i v e  behavior of the  Union Carbide 
polysulfone,  which i s  cons i s  t e n t  with a  random chain s c i s s i o n  
mechanism. In the i n i  ta  t i o n  process ,  s c i s s i o n  apparen t ly  takes 
p lace  a t  every bond except the aromatic C-C and C-H bonds: 
The work of Alvino ( r e f .  8) on 3M polysulfone shows some i n t e r e s t -  
ing analogies  wi th  the  r e s u l t s  obta ined by i e s n e r  and Kelleher  
on the S'nion Carhide polysulfone.  Both works i n d i c a t e  the  forma- 
t ion  of s h o r t  chain molecules with a c i d  f u n c t i o n a l i t i e s  ( s u l f o n i c  
a c i d  qroups ) r e s u l t i n g  from chain  s c i s s i o n  r e a c t i o n s  . 
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4 .18  S i l i cones  
S iege l  and Judeikis  ( r e f .  12) s tudied  the photolys is  o f  
poly(dimethylsi1oxane) samples conta in ing naphthalene a s  s e n s i t i z e r .  
The samples were i r r a d i a t e d  i n  the c a v i t y  of  an ESR spectrometer.  
A mercury a r c  lamp having e s s e n t i a l l y  zero output  below 2400A 
was employed. The process by which the polyiner molecules become 
exci ted  involves a  t r a n s f e r  o f  e l e c t r o n i c  energy from naphthalene 
i n  an exci ted  t r i p l e t  l e v e l .  Decomposition occurs v i a  Si-C and 
C-H bond rupture .  In the i n i t i a l  s t age  o f  photolys is ,  the follow- 
ing reac t ions  take place with e s s e n t i a l l y  equal  p robab i l i t y  : 
CHf 
t 
CH 3 
A l l  the r e s u l t i n g  r a d i c a l s  were i d e n t i f i e d  by means o f  t h e i r  
ESR spec t r a ,  with the exception of  the hydrogen atoms t ha t  pre- 
sumably r e a c t  imnediately t o  form H2 and -CH2. r a d i c a l s .  
Zhuzhgov ( r e f .  14) s tudied  the photolys is  o f  poly(methy1- 
phenylsiloxane:) i n  the c a v i t y  of  an ESR spectrometer.  No 
s e n s i t i z e r  was added, but  absorpt ion  was promoted by the presence 
of the phenyl group i n  the polymer. The ESR spectrum ind ica ted  
the formation o f  C H 3  and -CH2. r a d i c a l s .  Formation of C H 3 .  
r a d i c a l s  appears t o  involve a two-step process r equ i r i ng  the 
absorpt ion  of  two quanta of l i g h t  (biphotonic mechanism). No 
evidence was found i n  the  ESR spectrum f o r  thc formation of  s i l i -  
COP r a d i c a l s ,  which must have formed a t  the  same time a s  the 
me thy1 r a d i c a l s .  Vo l a t i l e  products were hydrogen, methane and 
ethane i n  the r a t i o  25:70:5. The same v o l a t i l e  products were 
a l s o  repor ted  by S i ege l  f o r  poly(dimethylsi1oxane) ( r e f .  10) .  
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Delman ( r e f .  62) s tud ied  the  e f f e c ~  of  u l t r a v i o l e t  i r r a d i a -  
t i o n  i n  a i r  on a me thyls i loxane  r e s i n .  In f ra red  spec trocopy was 
employed i n  t h i s  s tudy.  Formation o f  Si-CH2-Si l inkages was ob- 
0 
served a s  a  r e s u l t  of i r r a d i a t i o n  a t  wavelengths above 2810A 
from a 7,enon a r c  lamp: 
On the o t h e r  hand, Si-OH and Si-CH2-CH2-Si l inkages  were formed 
when the r e s i n  was exposed t o  the s h o r t e r  wavelength of a mercury 
vapor lamp. The d i f f e r z n t  e f f e c t s  on the r e s i n  induced by the  
two u l t r a v i o l e t  sources a r e  a t t r i b u t e d  to the f a c t  t h a t  the 
mercurv vapor lamp rad ia  t ion i s  s u f f i c i e n t l y  energe t i c  t o  cause 
the e x c i t a t i o n  of oxygen molecules.  The exc i t ed  oxygen molecules 
prevented the  Forma t i o n  of Si-CH2-Si l inkages by i n t e r a c t i n g  
with the S i .  r a d i c a l s  (formed by cleavage of Si-C bonds) t o  pro- 
duce Si-OH. 
Siege1 and Stewart  ( r e f .  6 3 )  s tud ied  the pho to lys i s  of  poly 
(dime thy l s i loxane)  o i n  the vacuum-ul t r a v i o l e  t region ( t h i s  region 
s t a r t s  a t  2000k and extends t o  s h o r t e r  wavelengths where i t  merges 
with the  X-ray reg ion) .  The wavelengths employed were 1470 and 
0 
1236A. Analysis of  the  da ta  ind ica ted  t h a t  the  breaking o f  the  
Si-CH3 bond i s  the  most probable rea-.cir.n occurr ing  a t  both wave- 
l eng ths .  A comparison wi th  the pho to lys i s  of  a  mixed methyl- 
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phenyl s i l i c o n e  polymer demonstrated the  s t rong  p ro t ec t ive  e f f e c t  
produced by a r o m t i c  subs t i t uen t s  i n  t h i s  region of the  u l t r a -  
v i o l e t  spectrum. This vas determined from quantum y i e l d  measure- 
ments f o r  the formation of v o l a t i l e  products.  
A s imi l a r  s t a b i l i z i n g  e f f e c t  of aromatic s u b s t i t u e n t s  is 
known t o  occur when s i l i c o n e s  a r e  exposed t o  high energy, ioniz-  
ing r ad i a t i on ,  presumably because of the a b i l i t y  of  the  aromatic 
r i n g  to d i s s i p a t e  some of  the  absorbed energy before bond rup ture  
occurs ( r e f .  64).  
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5 . CONC1,lJS TONS AND REC0MMI;NDAT IONS 
-- 
The des ign  o f  a  polymer s t r u c t u r e  t h a t  i s  s , ? n l e  t o  t he  
u l t r a v i o l e t  environment o f  space  must t ake  i n t o  c o ~ .  : i d e r a  t i o n  
the  fundamen t a  1 fac  t t h a t  most polymers absorb  the  S, 9r t wave- 
0 
l e n g t h ,  u n f i l t e r e d  u l t r a v i o l e t  r a d i a t i o n  below 3000A, r5a t e x i s t s  
above the  upper a  tinosphere o f  e a r t h .  Furthermore,  t he  qtr mtum 
yie 'd  f o r  photochemical r e a c t i o n s  i s  h ighe r  f o r  the  s h o r t  wave- 
length  u l t r a v i o l e t ,  t h a t  i s ,  the  damage per  quantum absorbed in -  
c r e a s e s  with  dec reas ing  wavelength.  
'The dcs ign  of  a polymer s  t r u c  c i ~ r e  chat: would be h i g h l y  t r a n s -  
i' 
pa ren t  down to  200011 appcars  t o  be hn i n t e r e s t i n g  approach.  In 
t h i s  respcc t ,  i t :  siiould b e  i n t e r e s  t i v c  10 i n v e s t i g a t e  che 
phocolvsis  of p u r e  p o l ~ ~ i w  thy lene ,  the sinlp: c.s t o f  a l l  polyhvdro- 
car.?or? s tr i ic t u r c s  . Kothin,q has  been publi.s!~cd on i t s  photo- 
dey,ra da  I- I on . ,.! l s o ,  high piir i t y  a 1 ipha t i c  and f luoroa 1 ipha t i c  
o o l : . c ~ - ~ e ~ - s  should meet the  requirement  o f  t ransparency  t o  t he  
shor: wavclcm~tl i  u l t r a v i o l e t .  iiowever, these  polymers may be 
ccipec :ed t o  he s e n s i t i v e  t o  t h e  v e s e n c e  o f  a d v e n t i t i o u s  i m -  
puri. t ies  o r  residual cn t a l y s  t s  t ' lac wculd cause  a b s o r p t i o n  and 
i n i r i a w  nllotodt.r;radation. ' rh i ;  i s  known to  be the  c a s e ,  f o r  
exanplc ,  o f  t h e  fundcmenrally ~ r a n s p a r e n t  m e t h y l s i l i c o r ~ e s ,  
ii- ~ ~ h i c h  t r a c e s  ~ l f  absorbinl;  i m p u r i t i e s  have been found t o  
sensitize photodegradat ion ( r e f .  1 2 ) .  
Previous work has  cons idered  the  u s e  o f  v a r i o u s  metal_locer.e 
abso rbe r s  a s  a  means of  s t a b i l i z i n g  o rgan ic  c o a t i n g s  t o  t h e  s h o r t  
wavelength u l t r a v i o l e t  of  space ( r e f .  65 ,  66 ) .  Unfo r tuna te lv ,  
s e v e r a l  problems a r e  a s s o c i a t e d  w i t h  t he  u se  o f  u l t r a v i o l e t  
s t a b i l i z e r s ,  such a s  c o m p a t i b i l i t y  wi th  t h e  polymer, p o s s i b l e  
mig ra t ion  o f  t he  s t a b i l i z e r  a d d i t i v e ,  v o l a t i l i t y  and e x t r a c t -  
a b i l i  These problems can be overcome by having  a  polymer 
s t r u c t u r e  i n  which t h e  u l t r a v i o l e t  s t a b i l i z e r  i s  p a r t  of  t he  
polymer cha in .  An example o f  t h i s  approach i s  t h e  s y n t h e s i s  o f  
polymers o r  copolymers based on a c r y l a t e  and me thac ry la t e  mono- 
mers con ta in ing  pendant u l t r ~ 4 v i o l e t  s t a l l i l i z i n g  groups,  suck a s  
pheny l sa l i c  i l a  t e  ( r e f .  6 7 )  o r  2-hydroxy-4-a lkoxybenzophenone 
( r e f .  6 8 ) .  Therefore ,  an i n t e r e s t i n g  approach t h a t  should be 
i n v e s t i g a t e d  i s  t h e  development o f  a pclymer s t r u c t u r e  capab le  o f  
completely d i s s i p a t i n g  the  abscrbed u l t r a v i o l e t  energy by 
luminescence ( f luo rescence  o r  phosphorescence) o r  by t h e  emission 
o f  heat. .  These e f f e c t s  would a l l o w  d e - e x c i t a t i o n  of  t h e  ab- 
sorbed r a d i a t i o n  wi thou t  chemical  change i n  the  polymer s t r u c t u r e .  
S ince  these  a r e  the  mechanisms o f  a c t i o n  o f  u l t r a v i o l e t  s t a b i l i z e r s ,  
the  theory  o f  u l t r a v i o l e t  s t a b i l i z a t i o n  would be d i r e c t l y  a p p l i c -  
a b l e  t o  the  des ign  o f  such r. pol-ymer s t r u c t u r e .  
Another i n t e r e s t i n g  approach i s  to  s tudy  how c e r t a i n  
mechanisms of  degrada t ion  t h a t  a r e  e n e r g e t i c a l l y  f a c . ~ r e d  can be 
prevented by a p p r o p r i a t e  s t r u c t u r a l  mod i f i ca t ions  of  the  polymer. 
An example of  t h i s  approach would be a p o l y e s t e r  s t r u c t u r e  wi th  
no hydrogen on t h e  carbon atom i n  i j  t o  the  oxygen l i n k  i n  t h e  
e s t e r  group; the  l ack  o f  +hydrogen would prevent  cha in  c leavage  
by a Norr i sh  Type 11. For exainple, i t  has  been r e p o r t e d  t h a t  
p v l y e s t e r s  based on neopen ty lg lyco l  e x h i b i t  s u p e r i o r  u l t r a v i o l e t  
r e s i s t a n c e  ( r e f .  51).  Although t h e  reason  f o r  t h i s  behavior  
was n o t  exp la ined ,  t h e  improved s t a b i l i t y  i s  probably due t o  f h e  
l ack  o f  P-hydrogen i n  t h e  e s t e r  s t r u c t u r e  based on neopenty l  
g l y c o l .  
Another i n t e r e s t i n g  approach i s  the  s tudy  o f  polymeric 
s t r u c  t u r e s  i n  which the  photochemical r eac  t i o n  does n o t  involve  
cha in  c leavage  o r  o t h e r  degrada t i v e  e f f e c t ,  b u t  i t  produces a 
chemical rearrangement t h a t  has  no a p p r e c i a b l e  e f f e c t  on the  
phys ica l  and o p t i c a l  p r o p e r t i e s  o f  the  polymer. This  i s  t h e  c a s e ,  
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f o r  example, of the F r i e s  rearrangement of  aroma t i c  po lye s t e r s  
t h a t  rearrange under u l t r a v i o l e t  i r r a d i a t i o n  t o  a s t a b l e  o- 
hydroxybenzophenone s t r u c t u r e  ( r e f .  52) .  This approach could 
be extended t o  the  s tudy of  f u l l y  aromatic polycarbonates (phenyl 
carbonates,  l i k e  phenyl e a t e r s ,  a r e  known t o  undergo the  photo- 
F r i e s  rearrangement). A study of  the  pho to lys i s  o f  a model com- 
pound such a s  diphenylcarbonate would prcv:ide d i r e c t l y  app l i c ab l e  
informa t i on .  
Since pho to ly t i c  reac  t i ons  normally involve f r e e  r a d i c a l  pro- 
cesses ,  EPR spectroscopy of  polymers i r r a d i a t e d  under vacuum can 
be very u se fu l  f o r  the s tudy of  r a d i c a l  spec ies  occurr ing during 
photodegradation. In t h i s  type of  work, the use  o f  model compounds 
has the advantage t h a t  the r e s u l t s  a r e  gerieral ly e a s i e r  to  i n t e r -  
p r e t  and y e t  a r e  d i r e c t l y  app l i c ab l e  t o  the polymer i t s e l f .  
Aroma t i c  polyamides e x h i b i t  unusual u l t r a v i o l e t  behavior ,  
0 
i n  t h a t  near  u l t r a v i o l e t  r a d i a t i o n  (3600-3700A) i s  more damag- 
ing  than u l t r a v i o l e t  of s h o r t e r  wavelength ( r e f .  10) .  Since 
no th ing i s  known about t h e i r  mechanism of pho todegrada t i o n ,  a 
s tudy of  the i r r a d i a t i o n  o f  model aromatic amides by EFR spec t r o s -  
copy would be very u s e f u l  i n  o rder  t o  understand,  and poss ib ly  
prevent ,  t h i s  e f f e c t .  U l t r a v i o l e t  s t a b i l i z e r s  t h a t  absorb i n  
0 
the c r i t i c a l  3600-3900A region have been considered f o r  Nomex 
s t a b i l i z a t i o n ,  b u t  have the inheren t  disadvantage t h a t  they a l s o  
absorb v i s i b l e  l i g h t  ( r e f .  57) .  It should be i n t e r e s t i n g  t o  
evaluate  u l  t r a v i o l e  t "quenchers " t h a t  would s t a b i l i z e  the  po ly-  
amide by ex t r ac t i on  of  the  exc i t ed  s t a t e  energy r a t h e r  than by 
absorb t i o n  i n  the near  u l t r a v i o l e t  . 
Perhaps the  l e a s t  understood a spec t  o f  polymer phatodegrada- 
t i on  i s  the  progress ive  inc rease  i n  u l t r a v i o l e t  absorp t ion  a t  
longer wavelengths t h a t  g ives  r i s e  t o  the we l l  known "polymer 
y e l l o w i ~ g " .  Many workers have s tudied the mechanisms of pho t o ly s  i s  
i n  terms o f  i t s  e f f e c t  on chain  s c i s s i o n ,  c ro s s - l i nk ing  o r  o t h e r  
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chemical o r  physical  changes, bu t  l i t t l e  has been lone  to expla in  
the reason fo r  the "polymer yellowing" t h a t  always accompanies 
o the r  degrada t i v e  phenomena. Production of  co lo r  i s  u sua l l y  
assoc ia ted  with the de loca l i z a t i on  of e l e c t rons  t h a t  accompanies 
mul t ip le  conjugated unsatura t i on .  For example, forma t i o n  of  
polvene (a chain of conjugated double bonds) has been ind ica ted  
a s  the cause of yellowing i n  i r r a d i a t e d  PVC ( r e f .  69). However, 
the mechanism of  color  formation during i r r a d i a t i o n  o f  most poly- 
mer s t r uc tu r e s  i s  no t  known. Since o p t i c a l  s t a b i l i t y  i s  of  
primary importance i n  space coa t ings ,  cons ide ra t ion  should be 
given t o  the study o f  the na tu re  of colol-ad by-products and to  
the mechanism of t h e i r  formation Since oarbonyl groups occur 
i n  many polyners (sue:, a s  a c r y l i c s ,  po lyes te r s ,  polyamides , 
polyure t3anes and even i n  polyolef i n s  a s  s t r u c t u r a l  i r r e g u l a r i t i e s ) ,  
and s ince  free r a d i c a l  decomposition r eac t i ons  \Norrish Type I 
o r  equ iva len t )  lead t o  the formation o f  R-CO3radlca1s. i t  seems 
t o  u s  t h a t  recombination of k-CO r a d i c a l s  to  form a -d ike to  group; 
may be a poss ib le  cause of co lo r  formation during polymer 
pho to lys i s .  
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